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Introduction
Typhoons (or hurricanes, tropical cyclones), when passing over the ocean, have both local (entrainment, vertical mixing, and upwelling) and non-local (horizontal advection, horizontal mixing, and pressure gradients) impacts on the ocean (Price 1981 , Stramma et al. 1986 , Emanuel 1999 . The sea surface temperature (SST) cools down due to vertical mixing (or entrainment) and upwelling by strong wind stress of typhoon along its path (Price 1981 , Stramma et al. 1986 , Price et al. 1994 , Emanuel 1999 , Liu et al. 2008 . Meanwhile, due to such local processes, there is phytoplankton blooming after the typhoon, and thus it makes great impact on the net primary production (NPP) and carbon cycling in the tropics and subtropics (Subrahmanyam et al. 2002 , Lin et al. 2003 , Babin et al. 2004 , Tang et al. 2004a Walker et al. 2005 , Zheng and Tang 2007 , Gierach and Subrahmanyam 2008 , Chang et al. 2008 , Sun et al. 2010 . The mechanisms of Chl-a enhancement are always related to upwelling of nutrition (Subrahmanyam et al. 2002 , Lin et al. 2003 , Shi and Wang 2007 , Shang et al. 2008 ), typhoon's long-term forcing (Sun et al. 2010) , cold-core cyclonic eddies (Walker et al. 2005) , entrainment in the mixed layer (Davis and Yan 2004, Liu et al. 2008) , and/or entrainment of phytoplankton from the deep Chl-a maximum (Babin et al. 2004, Gierach and Subrahmanyam 2008) .
It is well known that sea surface height anomaly (SSHA) decline is generally correlated with shoaling isopycnals or upwelling (McGillicuddy et al. 1999 , Tang et al. 2004a . Since there is an inverse correlation between SST cooling and phytoplankton blooming and the phytoplankton blooming data are not sufficient, the SST cooling is always taken as a proxy of phytoplankton blooming (Gierach and Subrahmanyam 2008) . In these cases, the local processes were well studied.
There are also non-local processes (e.g. horizontal convection, pressure gradients) in the ocean's responses (Price 1981) , and such phenomena have been noted in the observation (D'Asaro 2003, Walker et al. 2005, Gierach and Subrahmanyam 2008) . These non-local processes occurring far from the typhoon track are useful for understanding both the physical oceanography responses and the biologic responses. The consequence of non-local responses will change the distant environments (SST and NPP, etc.) . However, they are seldom investigated, and were even ignored in previous studies when typhoons' impacts are accounted for (Hanshaw et al. 2008) . Motivated by this, the typhoons Namtheun and Malou in the summer of 2004 were investigated by the observations. The reason for choosing Typhoon Namtheun for investigation is that it was a typical typhoon, neither too strong nor too weak and that it induced some non-local processes (Sun et al. 2009 ). Besides, the impact by Malou should also be considered as it passed over the study area just several days after Namtheun.
Observational data and methodology
Typhoon track data (www.typhoon.gov.cn), taken every 6 h, including centre location, central pressure, and maximum sustained wind speeds (MSW), were obtained from Shanghai Typhoon Institute (STI) of China Meteorological Administration (CMA). The sea surface wind (SSW) vectors and sea surface temperature data with spatial resolution of 0.25 Â 0.25 , which were, respectively, derived from QuickSCAT (Quick Scatterometer) and the tropical rainfall measuring mission (TRMM) microwave image (TMI), are produced by the Remote Sensing Systems (www.remss.com). Two useful values were calculated in this paper by using the sea surface wind data (spatial resolution of 0.25 Â0.25 ). The wind stress t was calculated with the bulk formula (Garratt 1977) , and the upwelling V e due to wind was calculated by using the Ekman pumping formula (Price et al. 1994) .
where r ¼ 1020 kg m -3 is the density of sea water, and f is the Coriolis parameter. The sea surface height anomaly (SSHA) data were produced and distributed by AVISO (Archiving, Validation and Interpretation of Satellite Oceanographic data, www.aviso.oceanobs.com). Merged Level 3 daily Chl-a data (http://seadas.gsfc.nasa.gov/), with a spatial resolution of 9 km from two ocean colour sensors (Moderate Resolution Imaging Spectroradiometer (MODIS) and Sea-Viewing Wide Field-ofview Sensor (SeaWiFS)), were produced and distributed by the NASA Goddard Space Flight Center's Ocean Data Processing System (ODPS). The Kuroshio axis data were obtained from the weekly Quick Bulletin Ocean Conditions provided by the Hydrographic and Oceanographic Department of the Japan Coastal Guard (JCG). ).
Results

Upwelling and sea surface height anomaly
The typhoon induced strong winds around the eye and there was upwelling along the typhoon track (figure 2). The winds and upwelling by typhoon Namtheun (figure 2(a)-(d)) were significantly stronger than those by typhoon Malou (figure 2(e), (f)). For example, the upwelling with the maximum values were 6-8 Â 10 -4 m s -1 on 28 July (figure 2(a)), 8-12 Â 10 -4 m s -1 on the morning of 29 July (figure 2(b)), and 12 Â 10 -4 m s -1 on the evening of 29 July (figure 2(c)). Then the upwelling weakened to 6-8 Â10 -4 m s -1 on the morning of 30 July (figure 2(d)). Besides, the typhoon also induced the relatively weak downwelling, however, in a much larger region around the upwelling region (figure 2). In this case, the upwelling occurred with notable right bias on 29 July (figure 2(c)), even when the typhoon was at a very slow speed (,2 m s -1 ) and the typhoon winds were nearly symmetric then. It is also noted that the strongest upwelling occurred when the typhoon was the slowest and the strongest (figure 1).
Then the prior upwelling/downwelling induced the sea level changes (figure 3). In general, the SSHA decrease occurred on both sides of the typhoon track (within 50-80 km away) in most of the region. The largest SSHA decrease (,60 cm from 28 July to 6 August), occurring beneath Namtheun's track at around 137 E, 32 N, coinciding with the previous-existing cyclonic cold eddy and the upwelling centre ( figure 2(c) ). There was also another local SSHA decrease maximum at around 139.5 E, 31 N (,30 cm from 28 July to 6 August), which coincided with the upwelling on 29 July ( figure 2(b) ). The previous study (Sun et al. 2009 ) has pointed out that the strong winds and upwelling enhanced the cyclonic cold eddy on the right side of the track (figure 1), and consequently led to the Kuroshio large meander in August 2004. Thus, the Kuroshio path shifted to south for about 100 km.
Specifically, there were four sea level decreasing belts (indicated by arrows) like the tongues from the track to the cross direction, where there were a few upwellings N on 29 July (table 1) . It implies a strong southwest flow during the typhoon's passage. The strong southwest flow coincided with the right sea level decreasing belt very well. Thus the sea level decreasing belts seemed to be associated with the advection on the surface, rather than the local upwelling.
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Sea surface temperature and chlorophyll-a concentration
The typhoon-induced vertical mixing and upwelling not only changed the SSHA, but also changed the SST. One consequence of the upwelling is sea surface cooling process after the passage of Namtheun (figure 4). Prior to typhoon Namtheun, it was dominated by warm water with SST . 28 C in the study area ( figure 4(a) ). Then, the significant sea surface cooling appeared along the track after Typhoon Namtheun's passage, with SST dropping to 22-24 C (figure 4(b)-(d)). Two cooling centres (in figure 4(d) , (e)) are identified at the pre-existing eddies in figure 1 and the upwelling centres in figure 2. The cooling process can also be observed from Argo floats data (figure 5), where the temperature dropped 1-3.5 C on the upper ocean. The largest SST cooling region was well matched with the maximum upwelling zone ( figure 2 and figure 3) . Besides, there were four cold SST tongues (CT1, CT2, CT3 and CT4), which matched with three SSHA decreased tongues after Namtheun. Among the cold tongues, one of them disappeared several days after the typhoon's passage. This is because the Kuroshio axis shifted south and brought warmer waters to the region (Sun et al. 2009 ).
The biological response, indicated by Chl-a concentration, is depicted in figure 6 . Prior to Namtheun, there was a typical summer condition of Chl-a concentration, predominantly ,0.1 mg m -3 in the offshore region, and .0.1 mg m -3 in the nearshore region, especially in coastal waters ( figure 6(a) ). The Chl-a concentration was enhanced after the typhoon's passage ( figure 6(b) ). In the nearshore regions and the pre-existing cyclonic eddy, Chl-a concentration increased from 0.1 mg m -3 (before typhoon) to 0.2-0.5 mg m -3 (after typhoon). And in the offshore regions, the Chl-a concentration increased from 0.07 mg m -3 (before typhoon) to 0.1-0.25 mg m -3 (after typhoon). The phytoplankton bloom regions matched well with the largest upwelling figure 6(c) ). However, the phytoplankton blooming due to typhoon was only a short period event. For example, the typhoon induced phytoplankton blooming at typhoon track around 141-143 E, 31-32 N, though, very significantly, in several days disappeared very quickly (figure 6(c), (d)).
In summary, typhoon Namtheun led to sea-level decrease, sea surface cooling and Chl-a enhancement in the ocean, especially at cyclonic eddies.
Discussion
The mechanisms of the upper ocean responses are illustrated in figure 7. Typhoon Namtheun induced vigorous vertical mixing and upwelling along its track during the passage. The strongest upwelling, occurring at the slowest typhoon track and at the pre-existing eddies, made the sea level and SST change significantly. The nutrient was injected to the upper ocean and induced Chl-a concentration enhancement 3 days after Namtheun's passage.
Besides, there were four cold tongues, three of them on the left of typhoon track. The cold water extended more than 300 km away from the typhoon track (figure 4). Among them, CT3 was due to the southward shift of the Kuroshio axis. This non-local process consequently led to the Chl-a concentration enhancement in CT3 (figure 6), which was left far from the typhoon track. The typhoon impacted the distant ocean environments by this non-local process.
It seems that the other cold tongues were caused by the horizontal advection. The temperature gradients in the cold tongues indicated the directions of the advection, PORSEC 2008 4565 which agreed well with the trajectories of Argo floats. With the temperature profiles from Argo float 2900361, the cross-section of the cold tongue CT1 is depicted in figure  5 (c). It is clear that there was a warm tongue toward typhoon track beneath the thermocline accompanied with the surface cold tongue away from typhoon track, and the subsurface waters beneath the mixed layer became much warmer along the trajectories of floats. This also supports the argument that formations of cold tongues were due to the cold water advection. In this case, the non-local phytoplankton blooming was due to the advection of offshore upwelling by typhoon Namtheun. It implies that the phytoplankton blooming might appear in much wider regions, even on the left side of typhoon track. The above-mentioned mechanism is something similar to the offshore phytoplankton blooming in the South China Sea (Tang et al. 2004a) . In that case, the nearshore upwelling by winds along the coastal then was advected by the circulation.
However, the typhoon Malou had few impacts on the upper ocean, as it was very weak and passing very fast. The upwelling velocities were therefore small (figure 2(e), (f)), and the sea surface cooling was also weak ( figure 3(d)-(f) ). The impacts of Malou were negligible compared with those of Namtheun. This is consistent with the previous investigations (Subrahmanyam et al. 2002 , Lin et al. 2003 , Walker et al. 2005 , Zheng and Tang 2007 , Sun et al. 2010 .
Conclusion
In summary, local responses of the upper ocean to typhoon Namtheun are investigated by observations of SSW, SST, SSHA, Chl-a and Argo floats. Most of the observed locations of upwelling, sea level changes, SST cooling, and Chl-a enhancement were consistent with each other, which implies that local processes (entrainment and upwelling) dominated the upper ocean responses in this case. Besides, there were several cold tongues, which were due to the advection of surface flow from the upwelling centres. Finally, the mechanisms of the Chl-a concentration enhancement were sketched as the effects of both the local upwelling and the non-local advection. This study implies that some non-local processes, e.g. horizontal advections, may play a notable role in the upper ocean responses to the typhoons.
